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Overview

fimeli Barriers
Imeline * 11 inches magnetic airgap for 20kW wireless power transfer
- Start — May 2017 (most applications are for 6-8 inches)
« End - Dec?mber 2020 .  Achieving bi-directional wireless power flow between grid and
« Budget Period | completed in vehicle
May 2018 . * Achieving high-efficiency (285%) at 20kW with 11 inches
« Budget Period Il Go/No-Go airgap
COmp|eTed N F?b- 2020 * Meeting the grid and utility standards at the grid side while
» Project completion by Dec. 2020 meeting power density and reliability targets
_ Partners
Budget E - CALSTART (Project lead)
- - CALSTRAT
° IN .
Total project fund J « ORNL (TeChﬂICCﬂ |e(]d), (Omer C. Onar, Gui-Jia
« DOE share - $] 95M OAK RIDGE  Su. Jason Pries, CIiff Whi’re., Larry Seiber, Veda Galigekere,
. Cost share from pqr’rners _ National Laboratory EAoonhcj(I]ymV;/lelgz)Jono’rhon Wilkins, Erdem Asa, Mostak
$712K —
* Project spending BP1: $650K @ . UPS
- Project spending for BP2: $1.2M ﬁ
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Project Objectives and Relevance

Overall Objectives:

- Design, model, simulate, build, intfegrate, and test a bi-directional wireless power transfer (BWPT)
system for medium duty delivery trucks

- A vehicle infegrated =220 kW wireless power transfer system with bi-directional operation
- High-efficiency (285%) with a nominal magnetic airgap of 11 inches

- Vehicle-to-grid mode 26.6 kW wireless power transfer to building or grid loads (grid support or ancillary
services)

- Integration of the WPT system into the vehicle
- Modeling and analysis of BWPT systems

FY 2020 Objectives:

- Complete the development of system power conversion stages

- Integrate auxiliary components (sensors, contactors, fuses, pre-charge circuitry, connectors,
controllers, power supplies, etc.) and communication systems

- Test system power stages individually on laboratory benchtop setup

- Integrate the whole system together and validate functionalities

- Complete vehicle integrations and perform a vehicle integrated demonstration
Any proposed future work is subject to change based on funding levels
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Project Milestones

m Milestones and Go/No-Go Decisions m

May 2018
Budget Period |

February 2020
Budget Period Il

December 2020
Budget Period Il
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Milestone: Design, model, simulate, analyze system

components. Determine system power architecture
and control strategy for the BWPT system

Milestone: Develop (build) and test all the BWPT

hardware for vehicle and grid sides, test all power
conversion stages individually, complete benchtop
tests, and infegrate the system into the vehicle.
Address the impact of BWPT on vehicle ESS, analyze
the BWPT system benefits

Milestone: Full vehicle level testing and

demonstration of the BWPT technology, deployment
of the vehicle and system to the test site, perform
operations, collect data

Any proposed future work is subject to change based on funding levels

Completed

Completed

On-frack



Approach / Strategy

« Target operating conditions (power level, input grid voltage, vehicle battery voltage range,
airgap, maximum current, etc.) are used for proper system level design and cascaded down to
the appropriate subsystems and component designs

* |terative design and the use of finite element analysis (FEA) based modeling for the design
optimization of the electromagnetic coupling coils

« Build system power conversion stages in an infegrated approach for an optimal system design in
terms of complexity and compactness

« Validate that system components met the design parameters

« Test all the power conversion stages independently for functionality and validation of the
performance

« Evaluate entire system using grid and battery emulators before vehicle integration
« Test and validate the integrated system on the test truck
 Site preparation and deployment for testing at the UPS facility and data collection

Any proposed future work is subject to change based on funding levels
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Project Timeline

2017 2017 2017 2018 2018 2018 2018 2019 2019 2019 2019 2020 2020 2020
May Aug Nov Feb May Aug Nov Feb May Aug Nov Feb Aug Nov

Key Key Key
Design, model, analyze, simulate, and refine the Deliverable Deliverable Deliverable
design for all the power conversion stages for BP | for BP Ii for BP Il
Build and complete benchtop testing of all power Extension > Final deployment,
conversion stages and complete vehicle integration . . . ‘éalt'dat'ﬁ"’ :_95““9’ and
ata collection

Go/No-Go Go/No-Go GolNo-Go Decision
Decision (Btle)nch-Top Point, Vehicle
Point emo) Integrated Whole

System Demo

Go/No-Go Decision Points:

- Whether the system design and models indicate the feasibility of 20 kW wireless charging operation over 11
inches magnetic airgap with at least 85% efficiency (BPI)

- Limited objective (bench-top) demo with 20 kW operation for the bi-directional wireless power transfer system
(BPII)

- Vehicle integrated complete system demonstration in both power flow directions with all the targets met (BPII)

Key Deliverable for BP lll: Final deployment at the UPS SMART Hub facility, validation, demonstration, testing and

data collection (~Dec. 2020)
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Technical Accomplishments — BP li

%

Developed the hardware designed in BP-.

Modified the resonant tuning network to accommodate ~400V vehicle battery voltage due to the
unavailability of all-electric truck with 650V battery voltage.

Individually tested the power stage and tested parameters and functionality of each subsystems and
components.

May 2019 — demonstrated the dc-to-dc operation (without grid interface converter) with two dc emulators on
each end.

November 2019 —integrated the grid interface converter and started benchtop tests.
February 2020 — completed vehicle integrations and verification of the system on the fruck.

Grid interface Stationary . Vehicle HF
) . Primary and Secondary ]
< inverter 675-800V < rectifier Coupling Coils < inverter 400V
L11 C12 i sz L21 4_1
T; T3 Ts T T7 Y M _~vvr_  Tn T13 + |y
480V, 3-ph g Batt
I /4 g Gi Gs NG Gi1 Gi3
s AR = = Lr Ls L - |=
Y T, s Tc Cor | Ts TR &
I BI C T2 T4 Ts g Ts 11 T12 T14 > S
ol S AR G G € K} S RS
G G G G G G =S
2 4 6 8 10 12
@ @ @ - Stationary side  Vehicle side resonant
Va Vsl Ve Grid interface HF resonant stage (LCC) stage (LCC) Vehicle
rectifier inverter rectifier
—_—
OAK RIDGE |Nanonal System level block diagram
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Technical Accomplishments — BP li

Power stage and resonant stage development

Prirhary-side
power stage

May 2018 October 2018 March 2019
3 o
v O
>0
g 2 Secondary coil
T O
S 3
S o
3 o]

Primary and
secondary side
funing inductors;
design and Coils with the required airgap

physical build

System hardware development progress
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Technical Accomplishments — BP li

Performed voltage-gain analysis to validate the modifications

« ~800V bus to ~400V bus (charging)
—

Li C, k=0.211

A TN

52.1uH |0.674F |1, L.,
HF Imverter 1
Ouiput == 1 00uF[¢,,

129.95uH

Cz1 Lzz

l__rwv'\_
o7ur]  37.6uH

Czz

~

33pF

125.4pH

— Vehicle-Side
— Rectifier

Stationary side resonant
stage (LCC)

Vehicle side resonant
stage (LCC)

« ~400V bus to ~800V bus
(discharging)

« Voltage gains are properly
designed to reduce the control
stress on the power devices

« Resonant gain provides most of
the voltage conversion, power
electronics only fine tunes the
set points
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Voltage gain characteristic when
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Technical Accomplishments — BP |l

Entire system simulations with closed loop control: Charging and discharging

V battery D - gg
I_, i v L Battery voltage 350V,
Vde -
id ref —#{id* vdc == Input voltage 480V 3-ph
— — vopt [——>{yeB Primary dc bus: ~750V
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Simulation model of the entire system
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Technical Accomplishments — BP li Complete system model with full

Entire system simulations with closed loop conftrol: Charging

T —_—— T
|

functionality in both power flow
directions that validates the design
and provides confidence for the
hardware operation.

Input currents: 26A,,., Input current THD: ~1%
Input power factor: 0.999, 20kW battery power
Vdc

out [200 V/div]
[20 A/div]

m_linv_ou

Prim_Viy,
Pri

Secondary Battery Voltage

. 3-phase PFC output vol’roge ~751V

A S AR
- il t't't'tt'o'a'o't’t'o'o’t't't’a'a’o’so I 0'0"'0'6'3'6'0'6'0'6'0"5'0"ﬂ'tW‘ ffffff Vo

3-phase ou’rpu’r currents

Iphase = e 2.o¢/\,
=2 N /s , ,
= | 11 o0 0.2 0.4
R 3 1 Vehicle-side measurements for charging
- ] mode

o1 [500 V/div]
Send_Igoi [50 A/div]

cnd_V,

S

Grid-side measurements for charging T Timez0ps/aiv]
mode R f st ts f hargi d
esonant stage measurements for charging mode
NNNNNNN
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Technical Accomplishments — BP i

Entire system simulations with closed loop control: Discharging

Grid currents: 25A,,,,, Grid current THD: ~1%
Grid power factor: 0.999, ~21.5kW battery
power, ~20 kW grid power

Inverter Input Voltage

850 - Discharge Input Voltage

351 -

800 350

750 _ 349 -

6 - Discharge Input Current

60 -
58 -
56 -

29 x 1e4 Discharge Input Power

2.0

1.8 \ \

065 070 075 080 085 090 0.5

Vehicle-side measurements for
discharging mode

x 184Phase Active & Reactive Power

2.
98.4W reactive:power
0
0.8 0.9
Grid-side measurements for discharging
mode
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ow.out [200 V/div]
o [50 A/div]

Send_liny o
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1[50 A/div]
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Prim_Iiecc ou
T

Prim_V,.,
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Resonant stage measurements for discharging mode



Technical Accomplishments — BP Il

Experimental test setup and results of the resonant stage (dc-to-dc)

« Zero-voltage-switching (ZVS) operation

Secondary-side

Primary-side

hardware hardware
LCC-LCC
tuning Coupling
components coils with 11"
Qirgap e
Experimental test setup Nornal Mode it s e = e Fiters T EL L, YOCOARS Operational waveforms for
’E&chﬂnge items s Frefiers GF:3 Chorglng mOde
° ~20kw power de“very 'I'O The boﬂ'ery Element 1 Element 2 Element 3 Element 5 E‘e'"fg}]gv
emulator ums 1 07371k 73086 39995  402.04 Syne 5o
Ims a1 28.439 34.00 57.06 50.08 Ugem:(s:éﬁx
+ Grid-fo-vehicle power flow Poma 20961k 2086x 20206k (20134 )] ol
U3 6oov |
. ~737Vin e 0 a1 -0269k 1350k -10609« -0.220« L i
- S va 1 20.963 « 24.85 22822« 20135« - Elemenégv_
¢ ~4OOVOUT_dc A 1 09999  0839% 0884  0.9999 Symc St
. . — FElement5 ___
° 96% dc_'l'o_dc eff|c|ency @ 1 D0.75 G32.92 D27.70 D0.63 us 133'%
- : : EFF G2V v 3 —re—»— Power analyzer screenshot for
 Inverter, rectifier, coils, primary and N TXT T charging mode test results
M M Sync Sre|
secondary-side LCC tuning components .
%OAK RIDGE ¥RAXI"?ST’%%‘TAT'ON Undate 1586 ( 50msec) 2019/04730 16:45:10
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Technical Accomplishments - BP |l . ~21KW power delivery from battery

Experimental test setup and results of the resonant stage emulator to the input dc bus

* Vehicle-to-grid power flow
« Lero-voltage-switching operation both on primary e ~700V,im gc
and secondary power converters Prm-
© 382V

- 96.2% dc-to-dc efficiency

 Inverter, rectifier, coils, primary and
secondary-side LCC tuning components

TELEDYNE LECROY
Fuarywhereyoulook:

Normal Mode Peak Over Integ: Reset YOKOGAWA ¢
U203 U508 ERd  Scaling Line Filter Time — -———-—- I==I== PLL :@ Error
NEPEM@EENG  AYG Freq Filterm
B & change items | GF:‘S;
ement
Element 1 Element 2 Element 3 Element 5 1ggox
n
Urms v 1 07031 k 69632 37522 38220 Sync Sre:i]
Element 2
Ims a1 28.893 35.85 62.58 55.25 U2 eaoy
in
S Sre:li@
P m1 -20314k -2022x -21.008« .
_ FElement3 ____
Uz 60OV
Q warl  =0.115k  -1463k -10487«k -0.112« 100mA
o ~5 5 ~ ~ s = s ~ - ~ 5 ¢ = ~ =TTy TE 575 SYI'IC SI’C:@
TURMIV | sGA a0V | mssA | 7wV  1a0mA, | emav | eimA| zasemake | S VA ] 20314 « 24 .96 23481 « 21115k = Flement4
.W - 20 U.‘A.fd\fr 20%‘\\;.';\5‘ 102:!;; 402:;{;; = 50[]57‘1:1;“‘! EUE[]HI\;REI\-I = Eﬂsz\v S is/div |Sto - \ 100II’IA
0.00 V ofst 0 mA offset 0.00 V ofst 0 mA offset 0.00 V ofst 0.0 mA ofst 0.00 V ofst 0.00 A ofst 250kS 25GS/is |Ed sitive A [ ] —1 .0000 —0.81 02 —0.8947 —1 .0000 Sync Srcilﬂl
Operational waveforms for discharging mode ® - 1 D17967 D144.12 D153.47 D179.70 — e —
100mA
EFF6v 1 103.94 —,
_ FElement6 ____
600V
EFF_V2G [y 1 96.208 16 100mA
Sync Srczul]
Power analyzer screenshoft for
. . Motor
discharging mode test results Sod o0V
20V
OAK RIDGE NATIONAL __
X QAKRIDCE | ihemon Update 689 ( S0nsec) 2019/04730 17:16°19




Technical Accomplishments — BP li

Benchtop test setup and validation of power conversion stages and the system as a whole
* Each power conversion stage is tested and validated parameters and functionalities (both component
and subsystem level)
* Whole system integrated together
« Both power flow directions
« Communications link with closed loop operation

Grid interface Stationary Primary and Secondary Vehicle HF
inverter reclifier inverter
-~ e —— Coupling Coils —e .
Ametek 800y L1 Ciz pe C22 Lz 400V '—l NHR
= T; Ts Ts + T7 Ts ST |__rv-v-vw_ Tu Tiz T s 9300
RS90 o
480V, 3ph 4 G G G S|6 G G G i
gokw AC LJ B m_-__ 1 5 . . 11 13 | B 100kW
= ’ s == ~ = : - B
% < i ¥ atte
Is) C T T; n 2 T T Cix Cax Tx: Tis : e “!!lm““! § | & Ty
_ I = 3 =
Emulator (| TJ JJ JJ J’I < 3 asn Emulator
' G2 G, G G:z
@ @ 2 Stationary side  Vehicle side resonant
Va Ve Grid interface HF resonant stage (LCC) stage (LCC) Vehicle
rectifier inverter rectifier
_
-

%OAK RIDGE | Matona. Benchtfop setfup diagram
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Vehicle Integration Efforts — BP Il

s ¥

Coil
mount
frame

High-voltage
junction box

HF AC
cabling

430 1 N. (approx.|) Vehicle-side
o | liquid

cooling

pump

«

Vehicle-side

hardware
Primary-side
Primary-side coil

NEMA enclosure
(wall or pedestal

mounted) Vehicle-side
coil
%OAK RIDGE -NTRAI:‘?SNP%IRTAHON
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Presenter
Presentation Notes
Mounting the vehicle-side coupler underneath the vehicle
Running high-frequency AC cables from vehicle-side coil to the secondary-side hardware (rectifier/inverter + all controls, sensing, main and pre-charge contactors
Connecting the vehicle-side hardware DC side to the vehicle battery pack terminal
Accessing the BMS messages to read vehicle battery voltage, current, SOC, temperature, charge and discharge current limits, battery max/min voltage limits, etc. Developing OBD-II to CAN connectivity. 
Vehicle-side hardware liquid cooling – possible integration with vehicle side cooling system 
Repeating all of the tests with the entire system integrated into the vehicle
Validating functionality & performance 
 



Vehicle Integration Efforts — BP Il

e e i S &

AL
LW,

b %
UPS plug-in hybrid electric truck at ORNL’s GRID-C
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Vehicle Integration Efforts — BP Il

o Sl B i |

February 27, 2020 Demonstration day
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- National Laboratory | RESEARCH CENTER



on Efforts — BP I
s

Mounts on
the vehicle

rails

Vehicle Integrati

\

- Coil mounting rail

frames
- Adjustable height

- ORNL design
- Fabricated in ORNL
machine shop

i o .
e ——— R ]

—

8" — minimum ground clearance,
lowest point under the vehicle

(coupling rod)

11" magnetic airgap,
surface from secondary
coil to the ground level
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Vehicle Integration Efforts — BP Il

Vehicle-side hardware and HF ac
and dc connections

Vehicle-side

junction box,
passage for
HF ac and
HV dc wiring

*OAK RIDGE ERAXII‘?SNP%IRTATION
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Vehicle Integration Efforts — BP Il

e

- Slightly larger than the
vehicle's EDN EVO 11kW
on-board charger

« EDN EVO: 90% efficient

« ORNL WPT: ~92% in
charging (vehicle side is
about ~99% efficient)

» Bi-directional
rectifier/inverter

e ,z.u/‘/'/’/‘immml“mnk"‘ —
\ I B I \
— T g

Detailed view of the vehicle-side hardware
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Vehicle Integration Efforts — BP |l

» Using vehicle-side pump would have significant
pressure drop and temperature drift

* Had to integrate a chiller nearby the secondary
hardware

« 12V operated, ~5A, ~60W consumption (vehicle-side
hardware requires another ~30W from the 12V bus)

* Very compact, low profile chiller

650.1 | 6.0

Vehicle-side liquid cooling system integration

%OAK RIDGE | 10 eranion
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Primary-Side Hardware and System Instrumentation

« 480V, 3-phase connection

(277V phase-to-neutral, 480V phase-to-phase)
* HF output cable feeding the fransmit coill

* Ligquid cooled

Primary-side grid-connected hardware with output
Instrumentation of the BWPT system for fo the primary coupler
functionality and performance demonstration
*OAK RIDGE | }aneeranion
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End of BP-ll: Demonstration of the BWPT System - Charging Mode

Normal Mode Peak Over Integ: Reset YOKOGAWA ¢
ocaling = Line Filter=  Time " PLL - 60004 Hz
AVG =  FreqFilter

CF:3

5 ASPAW) « Power analyzer for stage-by-

I stage power flow and efficiency
7321k 21891k | 21.301k| 20.6bk| 20.363k|2|| Sync Srcim £ th ;

~0.277k -0.862k [ 15.849k [ -11.02k | 0.283k |&” O e sysitem

7326k 21.908k | 26.5b1k | 7.286k | 20.364k B0V

D2_17 2.96 | G36.65 | D28.08 | DO0.66 12 50mA

0.9993 0.9992 | 0.8023 | 0.8823 | 0.9999 R .

S 99.999 | 99,899 | 99 968 ] el - 20.36 kW to the vehicle battery
60.004 20183k | 22.183k| Error 12 COnA

G2V Operation: Syne Sre il - 93% efficiency

Element 4

- U4 600V o .
(PPrF|[r:anrFy__ienfvf) % 97.300 | 101,43 | 4 SOnA Power factor: 0.999

Syne Sre:E

S  |ITHD on the grid side: 0.7-1%
Coil-2-coil_eff [%]1 [ 96.961 | [103.13 | TR

Syne SretE
Element 6

Veh_rect_eff [%] 98.593 102. 77 Us Egog
n
Sync Src:[H

Overall_G2V_eff [%] [ 93.020 107.50 MUtOE 7

Trg 20¥

Phase B Grid_Tot  Pri_inv_out Sec_rct_in VYeh_batt

276.58 276.80 749.08 403.82 404.00 .
26.490 26.383 35.444 of .97 00407

Update 2226 (500msec) 2020/02/06 11:36:07
Power analyzer test results for the charge mode of operation
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End of BP-ll: Demonstration of the BWPT System - Charging Mode

Normal Mode Peak Over Integ: Reset YOKOGAWA 4 i Normal Mode Peak Over

P oy YOKOGAWA ¢
Line Filter=  Time o PLL : 60.007 Hz

Integ: Reset
Scaling = Scaling =  Line Filter®  Time = 60.004 Hz

AVG & FregFilter

CF:3
_ ZA(3P4W)

1 600V
11 50mA
Sync Src:[E

600V
12 50mA
Sync Sre:lEl

600V
13 50mA
Sync Src:[El

___ Element 4 ____
U4 60OV
14 50mA
Sync Src:[H

___ Elements ____
600V

15 100mA

Sync Sre:@E

-382.%
0.000s g

<< 1602 {pp) »>

. 50.000ns

~ Element6
Ue 600V

50mA
Sync Sre:IE

Motor
204

Trg 20V

Update 12 (500msec)

2020/02/25 20:12:20

3-phase grid voltages and currents for the charge mode of operation
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AVG =  FreqFilter

CF:3
_ ZA(SP4W)
Ut 600V

11 50mA
Sync Src:[El

600V

12 50mA
Sync Src:[El

600V
13 50mA
Sync Src:[El

~ FElement4 __
U4 600V

=142.5

U4 -1.633kY 15 -206.14

14 50mA
Sync Src:[#

____ FElement5 ____
600V

15 100mA

Sync Src: A

~ FElement6

U6 2.5V

U6 600V
50mA

-382.%
0.000s g

<< 1602 pp) >

. 500.000us

Update 1290 (500msec)

Sync Src: I

Motor
20V
Trg 20V

2020/02/95 20:11:48

Primary-side HF inverter oufput and vehicle-side rectifier input
voltages and currents for the charge mode of operation




End of BP-ll: Demonstration of the BWPT System - Discharging Mode

Normal Mode Integ: Rese YOKOGAWA ¢

Scaling = Line Filter=  Time G PLL : 59.999 H

AVG = FreqFileer -

: - : CF:3
Phase B Grid_Tot  Pri_inv_out Sec_rct_in Yeh_batt S ACBPAYW)

PAGE]
4|
278.02 207,82 | 137,50 | 341.90 | 381 4 . T Al © Power analyzer for stage-by-

15.492 15.426 22.828 50.28 37.714 1 50mA

—4.296k -12.891k | -13.9711 k| —14.30k| 14.391k |2 Sync Src:[E ICi
-0.314 k -0.959k | 10.360k 9.54k| -0.344k E| ’ STOge power ﬂOW Ond effICIeﬂCy

7 307K 12,857k | 16.836k | 4.076k| 14.405k 600V of the system in discharging
D175.82 175.71 [ G142.02 [G146.29 [ D177.52 |2~ 50mA .
0,993 ~0.9972 | -0.7883 | -0.8318 | -0.9991 S 7 operating mode

T.056 99.996 | 97.608 | 66.072 .
59.999 55104k | 21.702k | FError T CGEll c 12.8 kW to 480V power grid

Sync Src:[E

G2V Operation: TV © 89.1% efficiency

Primary_eff U4 60OV

(PFC+HF _inv) L4 ] | 103.51 | | 99.376 | Sljrnc S?CO“ES « Power factor: 0.997

Element 5 « ITHD on the grid side: 1-1.6%
Coil-2-coil_eff [%1 [ 107.77 - 92.794 | 5 1000 o °

Sync Src: A
Element 6

Veh_rect_eff [%] 100.63 96.608 U Egog
]
Sync Src:[H

Overal | GV _eff [%1 [ 112.75 89.083 | Motor

Trg 20¢

Update 15 (500msec) 2020/02/25 17:17:15
Power analyzer test results for the discharge mode of operation
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End of BP-ll: Demonstration of the BWPT System - Discharging

Normal Mode Peak Over

Line Filter=  Time

Freq Filter

Scaling =
AVG =

Integ: Reset .

YOKOGAWA 4 | Normal Mode

PLL : 60.001 Hz

CF:3
_ ZAGPAW)
Ut Boov

1 50mA
Sync Src: [

600Y

12 50mA
Sync Src:[E

600V
13 50mA
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U4 600v

14 50mA
Sync Sre: [

__ Elementb ____
600Y

15 100mA

Sync Sre:IH

~ Element6
Us 600V
50mA

‘ue 3825V

0.000s << 1602 {p-p) »»

©_90.000ms

Sync Sre:IE

Motor

20V
20v

Trg

Update 35460 (500m5ec)

3-phase grid voltages and currents for the
discharge mode of operation
(note the 180 degrees of phase-difference
between voltages and currents)
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Peak Over Integ: Reset

Line Filter=  Time 2 PLL :

Freq Filter

Scaling =
AVG =

_ ZA(3PAW)

1 600V
11 50mA
Sync Sre:[E

600V
12 50mA
Sync Src:[E

co0v
13 50mA
Sync Sre:lfl

_ Element4 _
U4 600V
14 50mA
Sync Src:f]

___ Element% ____
6oov

15 100mA

Sync Src:IH

141475
lu_4 -1.633KY Element 6

U5 7425 ¥ ; : : : : § § : T UB  BOOV
50mA
Sync Sre:[E

Motor
20¥
20¥

Trg

U6 -382. 5 v
0.000s :

Update

<< 1602 (D—F) > - 500.000us

5 (500msec) 2020/02/25 17:16-57

Vehicle-side inverter output and primary-side HF rectifier input
voltages and currents for the discharge mode of operation
(note the 180 degrees of phase-difference between voltages
and currents)




End of BP-ll: Demonstration of the BWPT System - Discharging Mode

Normal Mode Peak Over Integ: Rese YOKOGAWA 4
Scaling = Line Filter=  Time e PLL - 60 001 Hz
AVG =  FreqFilter

GF:3

Phase B Grid_Tot  Pri_inv_out Sec_rct_in Veh_batt S AGPAW)

| PAGE]
B
260.41 260 .53 677.97 368.79 369.16 oy . .
3656 5450 | 14807 | 3 % | 2 701 . ur soov B Additional data point with ~7.2

[ 0707k —2.466k| 383k ~7.956k| —r.63Tk| 8.211k| B8.3MkI2|  sync Skl kW back to the grid

-0.492k -1.455k 6.522k 8.600k | —0.514k =

5 515K 7.401k| 10.008Kk| 2.448k| 8.414K 600V .
D168.77 168.64 | 0139.48 | G133.89 | D174.09 Tl © 86.677% overall efficiency from

~0.9807 ~0.9804 | 0.7601 | -0.6933 | -0.9950 e S vehicle bo’r’rery to the grid

6.487 99.985 99.770 99.579 600V

60.001 106.02k | 21.205k Error 13 50mA COﬂﬂeCTion
G2V Operation:

Sync Src:[El

Element 4
Primary_eff Ut 600V

(PFCHHE_iny) A 105.16 93.837 i o

Element b

Coil-2-coil_eff [%] | 108.44 92 .220 15 188%
Sync SrcldE

Element 6

Veh_rect_eff [%] 101.18 95.092 Ue EBUE
mn
Sync Src:[E

Overall _G2V_eff [%] | 115.38 86.6/1 Mﬂtogw

Tra 20V

Update 4658 (500msec) 2020/02/10 11:20:03

Power analyzer test results for the discharge mode of operation
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Response to Previous Year Reviewers’ Comments

* Project team would like to thank all of the reviewers for the feedback and the comments.
« Some comments:

%

The reviewer remarked the approach for the research has been excellent. The team has achieved a very high
efficiency for a significant gap of 11 inches. The team is providing a comprehensive, end-to-end solution, which
is very unique to this project.

The reviewer commented that the project had a well thought-out approach to address the barriers of wireless
power transfer with large air gap, at a high power level, and with bidirectional power flow.

The reviewer remarked the team has reported a 96% DC-to-DC efficiency with a gap of 11 inches. This is a very
impressive result.

A very detailed discussion was presented of the build and testing of the design to achieve and exceed the
efficiency goals.

The reviewer remarked the proposed future research is sound and natural. The reviewer is eager to see the
system tested and evaluated with a real medium-duty fruck.

The reviewer remarked the project is highly relevant to DOE. It addresses a key feature that will be required by
EVs to be successful in the market.

The reviewer said the project has a good chance in creating a commercial product enabling efficient and cost-
effective wireless charging for EVs. This work directly and solidly addressed the overall DOE goal on reducing the
barriers in vehicle electrification, wireless charging, and V2G integration for improved V2G operations.

The reviewer said the presenter made it clear that the team has sufficient resources. The reviewer sees No reason
to question that except to ask who will be the demo data analysis team.
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Response to Previous Year Reviewers’ Comments

« One common question/comment from reviewers were that the ORNL is significantly leading
all the aspects of the project and collaboration and the role of the other partners were
somewhat limited.

— CALSTART is the lead organization managing the project and also working on the business case
analysis of the bi-directional charging systems

— ORNL closely collaborated with Workhorse on the vehicle integration challenges and received
substantial engineering support

— ORNL also works closely with UPS for the site preparation and deployment aspects and received
input on the use cases

— Collaboration with Cisco is also an ongoing effort on the bi-directional wireless communication
between the primary-side and the vehicle-side units

— Cisco may also have an additional role on integrating the system into an energy management
strategy that the UPS may implement in a future activity with ORNL's strong support
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Collaboration and Coordination with Other Institutions

%

OAK RIDGE

National Laboratory

CALSTART: Project lead, project management, budget management,
reporting, overall coordination, V2G economic analysis, business case
analysis

ORNL: Technical lead, system design, development, integration, tesfing,
deployment

UPS: End-user, deployment site, infegration coordination

Workhorse: Vehicle manufacturer, vehicle systems integration and
engineering support

Cisco: Developed and provides communication interfaces from energy
management system to the BWPT system and also the vehicle to grid /
grid to vehicle communications

E OAK RIDGE

CALSTART National Laboratory

e
CISsCO

NATIONAL
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Remaining Challenges and Barriers

« Site preparation and final deployment at the SMART hub at the UPS’ Sandy Creek
facility

* The electric and electromagnetic field emissions should be less than the limit levels set
by the ICNIRP 2010 guidelines inside and around the vehicle while transferring 20kW
across 11 inches airgap. Team started measurements and no issues observed so far

« Team needs to perform more long-term operation tests (up to 3 hours continuously) to
ensure both the primary and secondary thermal management systems will function
sufficiently without significant parameter draft

« While the tfeam is practicing constant current charging/discharging, a more “smart
charge management” system might be integrated in future to follow a given charge
profile

Any proposed future work is subject to change based on funding levels
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Proposed Future Research

 BP Ill (remainder of FY20 and a portion of FY21)

— Final deployment, validation, testing at the demonsiration site and data collection for long
term operation.

— Business case analysis of bi-directional charging systems

Any proposed future work is subject to change based on funding levels
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Summary

- Relevance: Increase the benefits and reduce the barriers in vehicle electrification, wireless charging, and
vehicle to grid integration for improved V2G operations

- Approach: Proposed a bi-directional wireless power transfer system that operates at a high airgap for medium
duty delivery trucks with high-efficiency and functionality through advanced power electronics and
magnetics design, vehicle systems integration, and control system design

« Technical Accomplishments:

— Designed and developed all the system power conversion stages including all the subsystems and
components

— Currently testing the whole system together for validations and functionalities

« Collaborations and Coordination with Other Institutions:
— CALSTART: Project lead and project management
— UPS: Test vehicle provider, end-user, final deployment site

— Workhorse: Plug-in hybrid and electric delivery tfruck manufacturer, engineering support on vehicle
integration

— Cisco: Providing radio communication systems for commanding the system and to form feedback control
loops
* Future Work:
— Final deployment, validation, testing at the demonstration site and data collection for long ferm operation

Any proposed future work is subject to change based on funding levels
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